An overview is given of continuum analyses of plastic flow localization phenomena. The predicted localization behavior depends sensitively on the material's constitutive characterization, not only through properties, such as strain hardening and strain rate sensitivity, that can be measured in proportional loading tests but also through the material's multi-axial behavior. Implications of subtle details of the material's constitutive characterization for localization is illustrated. Issues arising in the analysis of localization under both quasi-static and dynamic loading conditions are discussed.
INTRODUCTION
In the sense used here, plastic flow localization refers to circumstances where a macroscopically homogeneous or smoothly varying pattern of plastic deformation develops at low strains and then at larger strains gives way, more or less abruptly, to a highly localized deformation pattern. Although there are several plastic instability phenomena that can be regarded as localization in this sense, attention is confined to consideration of shear band localizations. Shear band localizations are observed in a variety of solids; for example, in ductile single crystals, Chang and Asaro [l] , in poly crystalline metals Costin et al. [2] , Anand and Spitzig [3] , and in geological materials, Vardoulakis [4] and Waversik and Brace [5] . Depending on circumstances, localization can arise either as a consequence of the plastic flow process itself or as the result of progressive damage. Since shear bands have significance as a precursor to fracture and as a mechanism of large strain plastic response, much attention has been given to the mechanics of shear band localization phenomena, see e.g. Rice [7] and Needleman and Rice [8] ,
Within the continuum mechanics formulation, shear bands emerge as a feature of initial/boundary value problem solutions. Localized deformation in a more or less well defined band can be induced by boundary constraints, but in what is referred to as localization here, the localization direction is set by the material. For quasi-static deformation histories and rate independent material response, there is a framework that regards localization as a material instability. Deformations in a localized band are permitted provided the velocity field remains continuous and continuing equilibrium at the band interface is satisfied. Bifurcation and imperfection analyses within this framework have proved useful in revealing the influence of constitutive features and stress state on localization, Rudnicki and Rice [6] , Rice [7] and Needleman and Rice [8] . In more general circumstances, regions of localization propagate from strain concentrations and a full solution to the relevant initial/boundary value problem is required.
The classical elastic-plastic solid with a smooth yield surface is quite resistent to localization, Rudnicki and Rice [6] and Rice [7] . Deviations from the classical constitutive description, in particular yield surface vertex effects and plastic non-normality, significantly lower the strain required for the initiation of localization. Localization can also emerge as a consequence of an explicit softening process, e.g. thermal softening or damage. For structural metals yield surface vertex effects are of general significance since, within the rate independent idealization, the discreteness of slip systems implies a yield surface vertex at the current loading point. Although on quite general grounds the flow potential surfaces for rate dependent solids are expected to be smooth, Rice [10] , the high curvature of flow potential surfaces at the current loading point that comes from the discreteness of slip systems promotes localization when initial imperfections are accounted for. However, increasing material rate sensitivity can act to delay the onset of localization.
In this paper, some selected issues in the continuum mechanics of shear band localizations are reviewed. Attention is focussed on conditions of multiaxial loading. Following a description of field equations and constitutive relations, the continuum mechanics framework for analyzing shear band instabilities is outlined. Examples of the emergence of shear bands in full boundary value problem solutions are given. The significance of the material's multiaxial plastic constitutive description, even in the presence of thermal softening, is illustrated. In closing, a recent analysis of shear band development under dynamic loading conditions is reviewed.
No attempt is made to provide full descriptions of either analysis procedures or results. The aim is to give a flavor of both. Further descriptions can be found in the references cited. Discussions of issues not touched on here, for example, thermal softening induced localization in simple shear, and localization and failure in progressively cavitating solids can be found in Clifton et al. [11] and Needleman and Becker [12] , respectively. Reviews of some of the topics in this paper, but with a different overall focus, have been given previously by the author in [13, 14] .
FIELD EQUATIONS
The purpose in this section is to establish notation and to define field quantities. A Lagrangian formulation is employed so that the position of each material particle is labelled in a conveniently chosen reference configuration and these labels, together with time, serve as the set of independent variables. The labels can be identified with the position of the given particle relative to the origin of a fixed Cartesian frame and this position will be denoted by x. Dyadic notation is used and, for the present purposes, it is not necessary to specify a reference configuration or to develop the equations in component form.
In the current configuration the material point initially at χ is at χ. The displacement vector u and the deformation gradient F are defined by
The rate of deformation tensor is defined by
where ( )~T is the inverse transpose, a · b = a'6, and (') is d{ )/dt.
The momentum balance is expressed in terms of the nonsymmetric nominal stress tensor s, which is related to the force, df, transmitted across a material element of area dS and orientation η in the reference configuration by df = nsdS (2.3)
where ρ is the mass density of the body in the reference configuration.
When the heating due to plastic dissipation is accounted for, balance of energy is written as ΒΘ P c p-Q-t = ν·(&ν0) + χφ ρ (2.5)
In (2.5), θ is the temperature, c p is the heat capacity, k is the thermal conductivity, Φ ρ is the plastic stress working and the parameter χ specifies the fraction of plastic stress working converted to heat, which is typically in the range 0.85 to 0.95, Taylor and Quinney [15] .
One simple set of boundary conditions has the form
with St, Su and Se being, respectively, the parts of the boundary on which traction, displacement temperature are prescribed.
In a quasi-static analysis the inertia term, the right hand side of (2.4), is zero. Because the constitutive relation for inelastic materials is path dependent a rate expression of equilibrium is used, i.e. V · s = 0 (2.7)
Inelastic constitutive relations Eire more conveniently expressed in terms of the symmetric Cauchy, <x, or Kirchhoff, r, stress measures which are related to s through
where det(F) is the ratio of the volume of a material element in the current configuration to its volume in the reference configuration.
CONSTITUTIVE RELATIONS
The total rate of deformation, D, is written as the sum of an elastic part, D e , and a plastic part D p so that
The elastic part of the rate of deformation tensor, D e , is given by a rate form of Hooke's law and D p is given by the plastic flow rule. The most widely used multi-axial plastic constitutive description is that of an isotropically hardening Mises solid, for which the flow rule takes the form
In (3.2), e is the effective plastic strain and σ is defined where Y is the current flow strength, which is the greater of the initial yield strength and the maximum value of σ attained over the deformation history and h = da/de.
On quite general grounds, for metals undergoing plastic deformation due to dislocation motion, the plastic strain rate is appropriately taken as a function of the stress and the current state, Rice [10] . For a rate dependent solid (3.4) is replaced by t = e0F(-) (3.5) 9
In addition to (3.5) an evolution equation is needed for the hardness g. Often in applications, the function F(·) is taken to be a power law relation, i.e. F(x) = χ 1 / m , and g is regarded as a function of the accumulated plastic strain e = J edt.
Standard kinematic transformations are then used to express the constitutive relation in terms of s and F. For a rate independent solid with a smooth flow potential surface, the stress rate-strain rate relation has the form ^ _ ί Κ tan • F for plastic loading ^ I Κelastic '· F for elastic unloading Note that in (3.6) the tensor of moduli depend on incremental quantities through the loading-unloading condition. By way of contrast, for a rate dependent viscoplastic solid
In this case, the plasticity is embodied in Ρ and, furthermore, Ρ is independent of incremental field quantities as, of course, are the elastic moduli.
Accurate representations of large strain plastic flow phenomena require a more detailed description of material behavior than is embodied in either the rate independent or rate dependent Mises constitutive relation. Yield surface vertex effects, which arise from the discrete nature of crystalline slip, are particularly significant in this regard.
Yield Surface Vertex Effects
For rate independent solids, physical plasticity models for polycrystalline aggregates based on the concept of single crystal slip lead inevitably to the prediction of a yield surface corner at the current loading point, Hill [16] , with the plastic strain rate direction depending, within limits, on the stress rate. Direct experimental evidence for corners is conflicting, although in some cases there is evidence for a region of high curvature at the current loading point, Hecker [22] , Analyses by Pan and Rice [28] and Asaro and Needleman [17] show how slight material rate sensitivity can account for the experimental ambiguity. The main significance of a yield surface vertex for localization phenomena lies in the softer response to an abrupt change of loading path. In the context of structural mechanics, Batdorf [31] noted in the 1940s that bifurcation predictions of a deformation theory of plasticity could be justified by appealing to the presence of a corner on the yield surface.
Results of Asaro and Needleman [17] , which are based on a finite deformation rate dependent Taylor [9] type polycrystal model, are used to illustrate some aspects of large strain polycrystal inelastic response. Figure 1 shows constant offset effective plastic strain surfaces following plane strain tension. The polycrystalline aggregate, consisting of a collection of fee grains each of which is characterized by a Schmid-type flow potential, is subject to plane strain tension, unloaded and then reloaded along various trajectories in stress space. Each point in Fig. 1 corresponds to one probe of the constant offset surface. These surfaces are not true yield surfaces, since there is no sharp yield point for the viscoplastic material characterization, nor are they surfaces of constant flow potential. However, "yield surfaces" of this type are what are commonly measured using procedures like those simulated in the analysis. Figure 2 shows the calculated shear stress-shear strain response with the deformation gradient rate prescribed as shown in the insert. For rate dependent solids, the flow potential surface is necessarily smooth, which implies that the initial slope must be the elastic shear modulus, Rice [10] . The initial response in Fig. 2 is indeed elastic, but after very small shear strains, the shear stiffness drops to a small fraction of its elastic value for imposed ratios F12/F22 < 0.5. It is the shear modulus for modest departures from proportional loading that is of relevance to shear band localization phenomena. There is a clear vertexlike reduction in shear stiffness after small, but finite shear strain increments, even though the curvature of the constant offset surfaces in Fig. 1 is not much sharper than the comparison Mises surface. With much larger departures from proportional straining, the shear stiffness increases, eventually to elastic values.
One use of physical plasticity theories is to calibrate phenomenological theories. Harren et αϊ. [18] have carried out calculations of large strain simple shear response within this framework and compared predictions of this physical plasticity theory with various phenomenological constitutive relations. Figure  3 shows this comparison for the rate independent J2-corner theory of Christoffersen and Hutchinson [19] . The effective stress-effective strain curve input «u * Figure 2 . Shear stress-shear strain curves for various loading paths following plain strain tension to an effective strain of 0.23. From [17] .
to the ^-corner calculation came from matching a plane strain compression polycrystal simulation. The remaining corner theory parameters are taken as specified by Christoffersen and Hutchinson [19] and Hutchinson and Tvergaard [20] . These corner theory parameters have also been used in various numerical studies of shear band localization phenomena, see e.g. Tvergaard et al. [21] and Needleman and Tvergaard [37] , The features of J2-corner theory of greatest significance for localization phenomena are that the response to a change in loading path is more compliant than for the Mises solid and that, with increasing deviation from the original loading path, the response becomes stiffer.
ANALYSIS OF SHEAR BAND LOCALIZATIONS
An element of a solid is considered subject to displacement boundary conditions that in a homogeneous (and homogeneously deformed) solid would give rise to a uniform deformation gradient field. Conditions are sought under which bifurcation into a localized band mode can occur. Current values of field quantities and material properties inside and outside the band are presumed identical so that one possible solution for the incremental quantities corresponds to the homogeneous one. At the considered stage of the deformation history, suppose that within a thin planar band of orientation η in the reference configuration incremental field quantities are permitted to take on values differing from the 7 Figure 3 . Stress response for two J2-corner theory solids compared with two polycrystal calculations. From [18] . uniform values outside the band. The band is presumed sufficiently narrow to be regarded as homogeneously deformed.
Two requirements must be satisfied across the band interface. First, compatibility requires (Hadamard [23] , Hill [24] , Mandel [25] , Thomas [26] and Rice [7] ),
where ( )b and ( ) 0 denote field quantities inside the band and outside the band, respectively, and <S> denotes the tensor product so that the component form of q®n is q'rij.
For an incompressible solid, the strain rate jump across the band is a shear strain rate jump and, hence, the band is a shear band.
Next, incremental equilibrium requires
For classical, rate independent plasticity, (3.6), and for a material element subject to continued plastic loading, a localization bifurcation is possible when
where the operator ·· is defined so that the component form of (4.3) is riiK l t 3 an n^qi = 0 and K tan corresponds to the plastic loading branch of the tensor of moduli in (3.6). A localization bifurcation first becomes possible at the earliest stage in the deformation history at which (4.3) has a nontrivial solution, i.e. when the determinant of coefficients in (4.3) vanishes. The outcome of the bifurcation analysis is a critical orientation, n, as well as a critical strain.
Localization is associated with a change in the character of the governing equations. Under quasi-static loading conditions the equations governing incremental equilibrium lose ellipticity, while under dynamic loading conditions wave speeds become imaginary, Hadamard [23] , Hill [24] , Mandel [25] , Thomas [26] and Rice [7] . As a consequence the width of the band of localized deformation is arbitrarily narrow and numerical solutions to localization problems for rate independent solids exhibit an inherent mesh dependence, as discussed in Needleman [27] .
Localization analyses based on (4.3) have revealed the implications of various constitutive features, e.g. yield surface vertices and plastic non-normality, and stress state for the onset of shear localization, see e.g. Rice [7] and Needle-man and Rice [8] . The Mises solid is quite resistent to localization, Rudnicki and Rice [6] and Rice [7] . For example, plane strain loading conditions are found to be the least resistent to localization and, in plane strain, a shear band bifurcation occurs when the hardening h in (3.
4) is ~ 0, whereas under axisymmetric loading conditions h = O(-E),
where Ε is Young's modulus, is required for localization.
Deviations from the Mises idealization permit a shear band localization to occur with positive hardening. However, the greater susceptibility to localization under plane strain loading conditions remains. For a hypoelastic deformation theory model of a solid with a vertex on its yield surface and for power law hardening, σ -Ke N , the greatest principal strain, e, for the onset of a shear band bifurcation is given by, Needleman and Rice [8], for axisymmetric loading conditions. The relation (4.4) pertains for Ν < 1/2 while (4.5) holds for JV < 1/3.
For the rate dependent elastic-viscoplastic solids described by (3.7) the plasticity is contained in P. Since Ρ is independent of incremental quantities it is the same both inside and outside the band. Hence, the counterpart to (4.3) is As long as stress levels remain small compared to elastic stiffnesses, the only solution to (4.6) is the trivial one and a localization bifurcation does not occur. Hence, when material rate dependence is accounted for, there is no loss of ellipticity in quasi-static problems and wave speeds remain real. Material rate dependence, in effect, introduces a length scale into the boundary value problem, although the constitutive description does not explicitly contain a material parameter with the dimensions of length, Needleman [27] . In quasi-static problems, the length scale is one characterizing the imperfection or inhomogeneity. In dynamic problems, it is a characteristic length of propagation of elastic waves. Accordingly, for the viscoplastic constitutive relation, pathological mesh dependence does not occur in numerical solutions for ratedependent solids. Thus, it is particularly significant that in both band type imperfection analyses and full numerical boundary value problem solutions the phenomenology of shear band development can be the same for rate dependent solids as for rate independent solids, e.g. Pan et al. [33] , Peirce et al. [29] . 
SHEAR BAND LOCALIZATION PHENOMENA
All of the examples discussed in this section are based on full numerical, finite element solutions of initial/boundary value problems and illustrate factors that affect the initiation and growth of shear bands under multi-axial loading conditions localizations. First, the development of shear bands in strain hardening solids under isothermal, quasi-static loading conditions is illustrated. In these examples, the presence of a yield surface vertex or a rounded corner on the flow potential surface permits the localization to develop. Next, an example showing the importance of the curvature of the material's flow potential surface, even in the presence of thermal softening, is presented. The final example illustrates inertial effects on shear band development at high rates of loading.
Shear localization problems present special complications for finite element methods. If there is no characteristic length in the boundary value problem, the discretization sets the length scale. There are a variety of ways in which a characteristic length scale can be introduced into the boundary value problem formulation, however, regardless of the formulation, the mesh sets the minimum band width at one element spacing. On the other hand, conventional displacement finite element methods can only resolve bands of concentrated deformation when the band interfaces follow element boundaries. An overview of issues associated with finite element methods for localization problems is given in Leroy et al. [38] . All examples in this section are based on meshes made of specially oriented 'crossed triangle' quadrilateral elements. [29] .
Localization under Isothermal, Quasi-Static Conditions
Although material softening does promote localization, localization can (and does) occur in strain hardening solids. The compliant multi-axial response arising from the presence of a yield surface vertex or, for rate dependent solids, the rounded corner response shown in Fig. 2 , plays a prominent role in promoting shear localization in strain hardening solids. Plane strain tension of a rectangular block serves as a model problem to illustrate this.
For single crystals, Asaro [30] carried out a bifurcation analysis within the continuum slip framework for crystal plasticity for a two dimensional model crystal oriented for symmetric double slip. Three essentially different types of bifurcation mode were identified. Two are relevant here; one is a shear band mode which involves continued double slipping in the shear band; another is a localization mode where shearing occurs parallel to the tensile axis and the shearing mode itself leads to unloading on one of the currently active slip systems. Pierce et al. [29] carried out finite element analyses of plane strain tension using the two dimensional crystal model of Asaro [30] and with rate dependent material behavior. In most of their calculations, sharp shear bands that propagate across the gage section were found. Figure 4 shows deformed finite element meshes illustrating shear band development in such a case.
However, for a crystal with sufficiently high latent hardening the second instability mode mentioned above is activated. As illustrated in Fig. 5 and discussed in Pierce et al. [29] , this leads to 'patchy' slip. Material strain rate sensitivity plays an essential role for the case shown in Fig. 5 , since the boundary Figure 5 . Deformed finite element meshes showing the non-uniformity of deformation associated with patchy slip. A shear band does develop, but it does not propagate across the gage. From [29] .
value problem for the corresponding rate independent solid was not amenable to numerical solution and, in fact, solutions might actually not exist in the (singular) rate independent limit. The extent to which the computed patchy slip deformation pattern depends on the discretization is not known. Patchy slip induces kinematic constraints that inhibit the propagation of a shear band across the gage. Interestingly, this is a case where one instability mode, the patchy slip mode, delays the onset of another and, if shear bands are regarded as a failure mode, delays failure.
A finite element analysis of the plane strain tensile test was carried out by Tvergaard et al. [21] using the J2-corner theory of Christoffersen and Hutchinson [19] to characterize the material behavior. Tvergaard et. al.
[21] display various shear band patterns, where the particular pattern that occurs depends on the initial imperfection. Figure 6 shows deformed finite element meshes for one of their calculations. The actual computations were carried out for one quadrant and symmetry boundary conditions were imposed. Shear bands develop naturally during the course of the calculation and in this calculation two sets of shear bands develop. The orientation of the band, or bands, is in good agreement with that predicted from a material instability bifurcation analysis.
Plane strain tension solutions for strain hardening solids using an isotropic hardening Mises flow rule, Burke and Nix [35] , do not exhibit shear localization. such as shear localization. Various studies, e.g. Hutchinson and Tvergaard [20] , have shown that a solid having a smooth yield surface, but with a high curvature (relative to the isotropic hardening surface) at the current loading point, can give predictions of shear localization in line with those based on a corner theory of plasticity.
Localization in a Temperature
The development of localization from a small material inhomogeneity incorporating the effects of thermal softening, strain hardening, strain rate sensitivity and heat conduction was studied by LeMonds and Needleman [32] . The influence of flow potential surface curvature on the tendency for localization was investigated using a kinematic hardening flow rule to model a "rounded vertex." This use of kinematic hardening theory is intended for loading paths that do not involve extreme deviations from proportional loading and is quite distinct in focus from the use of kinematic hardening as a model for Bauschinger effects. The results in LeMonds and Needleman [32] exhibit the transition from plastic flow property dominated shear band localization at low rates to thermal softening dominated localization at higher strain rates, with the details of this transition depending sensitively on the description of the flow potential surfaces.
The specific boundary value problem analyzed was plane strain compression of a block of material containing a doubly periodic array of inhomogeneities as shown in Fig. 7 . The symmetry permits the boundary value problem for the array to be reduced to a boundary value problem for one square cell. No heat flux is permitted between cells so that the overall response is adiabatic. However, heat conduction is accounted for within each cell. The material properties were chosen to be representative of a 4340 steel studied experimentally by Hartley [36] . An initial inhomogeneity in the form of a soft spot was prescribed. Figure 8 shows the computed effect of heat conduction on the response of an isotropically hardening solid at a prescribed strain rate of e n = 500sec _1 .
Because of thermal softening, localization occurs for the isotropically hardening solid, but the band is rather broad. By way of contrast a rather sharp shear band develops for the kinematically hardening solid. This illustrates the significance of the material's multi-axial constitutive characterization even in the presence of thermal softening. For the kinematic hardening solid, thermal softening promotes localization in that localized straining occurs sooner and more sharply when thermal softening effects are significant. But localization still is found when conditions of nearly uniform temperature prevail. On the other hand, for the isotropic hardening material model, localization requires strong thermal softening.
(a)
(c) Figure 8 . Deformed finite element meshes showing shear band development in an isotropically hardening solid with heat conduction accounted for and with e n = 500sec -1 . From [32] .
The incorporation of heat conduction explicitly introduces a material length scale into the analysis, corresponding to a length over which heat conduction effects are significant. Additionally, material rate dependence implicitly introduces a length scale associated with the imperfection or inhomogeneity. Hence, in the analyses of LeMonds and Needleman [32] there are two characteristic lengths; one associated with the inhomogeneity and the other with heat conduction.
Localization under Dynamic Loading Conditions
In Needleman [34] , plane strain compression of a rectangular block is used as a model problem to investigate the dynamics of shear band development from an internal inhomogeneity. The material was characterized as a Mises elastic-viscoplastic solid. As a simple model of a thermally softening solid, a hardness function was used that initially increases, reaches a maximum and then (a) (c) Figure 9 . Deformed finite element meshes showing shear band development in a kinematically hardening solid with heat conduction accounted for and with e n = 500sec -1 . From [32] , decreases. The remaining material property values were taken to be representative of structural steels. Three values of the imposed velocity were considered; V\ = -3 m/sec, Vi = -10 m/sec and V\ = -30 m/sec. The block size h0 was taken to be 1 mm, so that the nominal strain rates for the three imposed velocities are 3 χ ΙΟ 3 , 10 4 and 3 χ 10 4 , respectively.
For the case shown in Fig. 10 , a shear band bifurcation occurs for the underlying rate independent solid at the attainment of the maximum hardness and the 45° shear band orientation is the most critical one. The ultimate course of events is essentially determined at the stage of loading shown in Fig.  10b ; continually increasing strain in a shear band with very little change in strain outside the band. The process of band formation involves a cascade of finger-like plastic strain contours emanating from the inhomogeneity and from a small region where the band intersects the impacted surface, in a continually sharpening band. There is no single event that can be identified with shear band initiation. With localization, the speed of propagation of plastic strain contours in the direction normal to the band essentially vanishes. The initial thickness of the band reflects the size of the inhomogeneity, but, as shearing develops in the band, the region of high strain rate narrows to one element width and the discreteness of the mesh significantly affects subsequent response. Figure 11 shows the effect of prescribed velocity on the average stress versus end displacement response. With V\ = -3 m/sec, corresponding to an average strain rate of 3000/sec, the response is essentially quasi-static as soon as there is any significant plasticity. When the velocity is increased to -10 m/sec, dynamic effects persist much longer, but have been essentially damped out by the time localization initiates. At V\ = -30 m/sec, significant inertial effects are evident through localization initiation.
Quasi-static calculations were carried out using the same material properties and using an identical finite element mesh for the cases in Fig. 11 with V\ = -3 m/sec and V\ = -30 m/sec. In the quasi-static analysis with a prescribed velocity of -30 m/sec, the order of magnitude increase in the nominal applied strain rate, from 3 Χ 10 3 to 3 Χ 10 4 , gives an increase in stress level due to material rate sensitivity of about 2% (10 0 01 « 1.02), but shear localization, as signalled by the drop in the overall stress-strain curve, occurs at nearly the same end displacement value as with V\ = -3 m/sec. This behavior is expected, since analyses of the effect of rate sensitivity on plastic instabilities in rigid-plastic power law rate hardening materials, e.g. Hutchinson and Neale [39] , show that while the instability strain depends sensitively on the strain rate hardening exponent, it is independent of the rate. Hence, the delay in shear band initiation with increasing imposed velocity evident in Fig. 11 is a consequence of material inertia and not of material strain rate sensitivity. However, key features of the phenomenology of shear band development under dynamic loading conditions are the same as under quasi-static loading conditions. Consistent with the material instability analysis in Section 4, key to the development of shear bands in these calculations is a reduction in speed of propagation of plastic strain contours in the direction normal to the eventual Figure 10 . Contours of constant effective plastic strain, e, for a softening Mises elastic-viscoplastic solid under dynamic loading conditions. The prescribed end velocity is V\ --30 m/sec. From [34] band. The main strain gradients occur across the band and the continually steepening strain gradient across the band is much like that in one dimensional simple shear calculations, e.g. Wu and Freund [40] , Shawki and Clifton [41] . However, when there are strong unfavorable gradients, it is possible that shear bands will propagate in a more crack-like fashion.
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-V h o Figure 11 . Average stress versus end displacement curves for a softening solid with (A) V x = -30 m/sec (B) Vi = -10 m/sec and (C) Vi = -3 m/sec. From [34] ·
